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Abstract
Visual stimuli that isolate pupil color and pupil grating responses in human vision have been used to investigate the properties
of stimulus-specific pupil responses in the rhesus monkey. We measured and compared pupil responses to light flux increments,
isoluminant chromatic stimuli, and gratings of equal and lower space-averaged luminance. The parameters investigated were
luminance contrast and chromatic saturation. The results demonstrate clearly the existence of pupil color, pupil grating and pupil
light reflex responses in the rhesus monkey. Comparison of pupil color and pupil grating responses of equivalent amplitude reveals
similar onset response latencies. However, both are approximately 40 ms longer than the corresponding pupil light reflex latency.
In general these pupil responses are qualitatively similar to those observed in humans. However, when compared to equivalent
human data, pupil onset response latencies are some 80–100 ms shorter and the pupil shows more rapid recovery from
constriction. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Much of our knowledge about the afferent pathways
involved in the control of the pupil in man comes from
anatomical and electrophysiological studies in primates
[1]. Based on numerous animal studies, the pathway
mediating the pupillary light reflex in response to lumi-
nance changes has been associated with a subcortical
projection through the pretectum, specifically the pre-
tectal olivary nucleus, to the Edinger-Westphal nucleus
[2–5]. This is consistent with clinical observations sug-
gesting that the pupils continue to respond normally to
sudden changes in room illumination even when pa-
tients are cortically blind [6]. However, in man, the
response of the pupil to visual stimuli is not solely
determined by changes in the light flux level on the
retina, since systematic pupil responses to checkerboard
patterns [7,8], grating stimuli [9,10], isoluminant chro-
matic exchanges [11–14] and the onset of coherent
motion [15,16] have also been demonstrated. These
stimulus specific responses are either totally absent or
reduced significantly in patients with damaged primary
visual cortex or with localized cortical lesions that
result in specific loss of color vision [17]. When small
test stimuli are employed, abnormal pupil light reflex
responses have also been demonstrated in patients with
post-geniculate lesions [18–22]. Thus visual signals that
regulate the control of the pupil response in man may
not be limited entirely to subcortical projections and
some may arise indirectly from the visual cortex [23].
However, this viewpoint has been discussed critically by
others [1]. To date, investigations of pupil responses in
primates have been mostly concerned with the study of
the pupil light reflex response and have employed visual
stimuli that produced either increments or decrements
in light flux level on the retina [2,5].
The purpose of this study is to measure pupil light
reflex, pupil color and pupil grating responses in the
rhesus monkey and to compare the properties of these
responses with those observed in human subjects. Previ-
ous studies in rhesus monkeys have indicated that they
are trichromats with color vision very similar to hu-
mans [24].
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Fig. 1. Representation of the visual stimuli employed in this study. See text for more details.
2. Methods
2.1. Subjects
Pupil responses were measured in two alert, trained
rhesus monkeys (Macaca mulatta). All experimental
procedures were approved by the UAB Institutional
Animal Care and Use Committee and complied with
the USPHS Policy on Humane Care and Use of Labo-
ratory Animals [25]. Similar pupil response data were
obtained in two visually normal human subjects. One
of these subjects was 19 years old and the other 43.
Pupil color response data obtained in four other nor-
mal human subjects were also used for comparison. All
experimental procedures in humans were approved by
the University of Rochester IRB.
2.2. Apparatus and methods
A modified version of the P–SCAN system [26] was
used for the generation of the visual stimuli and for the
measurement of pupil size at a sample rate of 50Hz.
The system includes programs for automatic calibration
of the (x, y)-chromaticity co-ordinates and the lumi-
nance versus applied voltage relationship of each phos-
phor. The experimental programs use standard
colorimetric transformations [27] that make use of the
display calibration data to generate any specified lumi-
nance, chromaticity triplet that lies within the gamut
and luminance range imposed by the phosphors of the
display. Examples of the stimuli employed in this study
are shown in Fig. 1. Random spatiotemporal modula-
tion of the immediate background field was employed
when using isoluminant colored stimuli so as to isolate
the use of chromatic signals [28]. Studies have shown
that the use of such spatiotemporal background modu-
lation techniques makes small luminance contrast com-
ponents or rod contrast signals ineffective when
isoluminant chromatic stimuli are presented to the eye.
The stimulus was always presented in the center of a
uniform, rectangular background field of luminance 24
cd:m2 and angular subtense 2621o. In addition,
for testing the effectiveness of a change of chromaticity
at isoluminance, an array of square checks covered a
central disc area of 7o radius (Fig. 1(a)). The lumi-
nance of each check was selected randomly within a
range specified as a percentage of background lumi-
nance. This parameter determines the amplitude of
random luminance modulation (RLM). The average
luminance over the pattern remained equal to that of
the background field, but the spatial distribution of
check luminances changed every 50 ms so as to cause
dynamic, random local contrast changes over the pat-
tern. An RLM value of 0% corresponds to a uniform
background field with no modulation (i.e. the lumi-
nance of each check remained unchanged and equal to
that of the background field). The test stimuli were a
change of chromaticity at isoluminance over a central
disc area of 6o radius (Fig. 1(b, c)). The chromatic
saturation was defined as the distance between the
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chromaticity of the background field and that of the
test stimulus on the CIE (x, y)-chromaticity chart [29].
The chromaticity of the background field was:
0.305, 0.323. The direction of chromatic displacement
was specified as an angle measured anticlockwise with
respect to the horizontal axis (e.g. a direction of 90o
corresponds to a line parallel to the positive direction of
the vertical axis). The chromatic displacement (CD)
vector between target and background chromaticity
was used as a measure of chromatic saturation. Stimuli
involving an increment in luminance over a central disc
area of 6o radius (Fig. 1(d)) were also used, as well as
grating stimuli of either equal (Fig. 1(e)) or lower (Fig.
1(f)) space-averaged luminance. A lower luminance
grating consists of only ‘dark’ bars and results in a net
reduction in mean luminance.
2.3. Measurement procedure
A small, contrast-reversing disc target was presented
in the center of the screen before each measurement
sequence. The monkey was trained to attend to this
stimulus whilst eye movements were monitored contin-
uously using the P–SCAN system. If fixation was es-
tablished within 3 s, the disc target changed to a
stationary cross that remained on the screen through-
out the test. The timings for the presentation of the
stimulus and the measurement of the pupil response
once steady fixation was established were as follows.
Random luminance masking (see Fig. 1(a)) preceded
the onset of the stimulus by a period that varied
randomly in the range of 2–2.5 s and continued for 1.9
s to the end of the trial. The duration of the stimulus
was usually 250 ms. Pupil measurements preceded the
stimulus by 500 ms and continued throughout the trial.
A juice reward was administered at the end of each
measurement provided the monkey maintained accurate
fixation throughout the trial. The stimuli were inter-
leaved randomly and the traces measured for the same
stimulus were stores in separate files. Pupil noise fluctu-
ations were reduced by averaging between 16 and 48
measurements for each stimulus. On average, each ses-
sion involved a maximum of 300 stimulus presentations
and lasted less than 45 minutes. A pupil response
analysis program was then used to detrend some of the
traces and to extract the corresponding pupil response
amplitude from each mean trace. A measure of pupil
noise variance that is independent of slow changes (i.e.
trends and steady state drifts from trace to trace during
the measurement sequence) was then computed [30].
The analysis of some pupil responses involved scaling
each trace for equal pupil constriction amplitude as well
as adding or subtracting a constant shift so as to ensure
equal pupil diameter just before the onset of constric-
tion for each trace.
3. Results
The majority of the stimulus-specific pupil response
tests in the two rhesus monkeys were similar to those
previously carried out in human subjects [18]. We
started by investigating the relationship between stimu-
lus contrast, chromatic saturation and the correspond-
ing pupil response amplitudes and latencies. Fig. 2(a)
shows such measurements for light flux increments (see
stimulus shown in Fig. 1(d)) and for isoluminant chro-
matic stimuli (stimulus shown in Fig. 1(b)). The two
sets of data were shifted vertically for easier viewing.
Fig. 2(b) shows the same data sets scaled mathemati-
cally to have equal response amplitudes. It can then be
seen that the pupil onset response latencies are largely
independent of pupil constriction amplitude. The dot-
ted lines in Fig. 2(b) show the mean trace in each set.
The mean pupil light flux and pupil color response
traces measured for the two rhesus monkeys studied
were then also scaled mathematically to have equal
response amplitudes and are shown separately in Fig.
2(c). The traces shown represent the mean responses for
light flux increments and color (monkey Y) as shown in
Fig. 2(b). Similar traces obtained in identical experi-
ments are also shown for monkey D in Fig. 2(c). With
this analysis, the differences in pupil onset latency for
color and light flux increments become more apparent
and easier to measure. The traces in Fig. 2(c) show a
difference in latency of these two responses of between
40 and 50 ms.
Pupil color responses similar to those shown in Fig.
2(a) were then measured for a number of different
colors and for a fixed chromatic displacement ampli-
tude of 0.14 units. 12 different angles that specify
directions towards different regions of the spectrum
locus in the CIE-(x, y)-chromaticity diagram were em-
ployed. The pupil response amplitudes (i.e. the differ-
ence in pupil diameter just before the start of the
constriction and the point of maximum constriction)
were computed from the mean traces together with a
measure of pupil noise variance. The results are shown
in Fig. 3(a) together with similar data averaged over
four human subjects. The broken line in Fig. 3(a) shows
the rod receptor contrast generated at the onset of each
isoluminant chromatic stimulus employed. Pupil re-
sponses to grating stimuli are shown in Fig. 3(b). The
top three traces show responses elicited by the onset of
lower luminance gratings. When low contrasts are em-
ployed, the pupil responds by means of a small con-
striction as it does in human vision [31]. Rhesus
monkey responses are however different in that an
initial dilation is observed when the grating contrast is
large, followed by a reduced constriction. The decrease
in mean light flux level over the grating is proportional
to grating contrast and therefore this suggests that the
initial dilation that has shorter latency is the result of a
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Fig. 2. Pupil responses of rheus monkeys elicited by light flux increments and isoluminant chromatic stimuli. Panels a and b show data from one
rhesus monkey (Y), panel c shows the averaged data from two rhesus monkeys (D and Y). Panel a (top traces) shows the effect of increasing
luminance contrast with zero RLM modulation (dL:Lb0.3, 0.6, 0.9, 1.2, 1.5 and 2.15). Panel a (bottom traces, shifted vertically by 0.5mm)
shows the effect of increasing the chromatic saturation of the stimulus for an RLM amplitude of 915%. The direction of chromatic displacement
was 5o. The chromatic displacements (CD) amplitudes employed were 0.03, 0.045, 0.06, 0.09, 0.12 and 0.16. Each trace represents the average of
36 measurements. Panel b, with traces also offset vertically by 0.5 mm, shows the same data scaled for equal pupil constriction amplitude. Each
of the two sets of traces contains a dotted curve that represents the mean of all traces in that group. Panel c shows a comparison of pupil light
reflex (—) and pupil color responses for the two rhesus monkeys. The traces shown represent the mean responses for light flux increments and
color (monkey Y) as shown (…) in panel b. Similar traces obtained in identical experiments are also shown for monkey D.
light reflex component. Pupil responses to gratings of
equal mean luminance are shown in the lower three
traces of Fig. 3(b). When the stimulus duration is large,
a second constriction is also observed at grating offset,
particularly when the grating is of low spatial fre-
quency. These findings are similar to those observed in
human vision [32].
A comparison of human and rhesus monkey re-
sponse latencies confirms previous findings in that
shorter latencies and more rapid recovery from con-
striction is characteristic of monkey responses [33]. Fig.
3(c) shows a direct comparison of pupil light reflex
responses measured in the rhesus monkey and man.
The human subject was a 19 year old that exhibited
large pupil responses of short latency. When scaled for
equal response amplitude (see dotted traces in Fig. 3(c),
the difference in onset response latency becomes imme-
diately apparent.
4. Discussion
The findings of this investigation demonstrate the
existence of pupil color and pupil grating responses in
the rhesus monkey that are similar to those observed in
human vision [34]. The results also show that when a
large uniform background field is employed so as to
provide a steady state of light adaptation, pupil onset
response latencies become largely independent of con-
striction amplitude. This relative independence becomes
more apparent when the measured pupil response traces
are scaled for equal response amplitude. Pupil re-
sponses to isoluminant chromatic stimuli in human
subjects have been demonstrated in several previous
studies [11,12,14]. Differences in latency have also been
reported [14,31], but these differences have proved
difficult to quantify accurately largely because of the
apparent correlation between latency and pupil con-
striction amplitude. Pupil color responses in human
vision may involve the central processing of chromatic
signals since they are eliminated or reduced significantly
when the subject can only make use of subcortical
pathways [17]. The pupil constriction amplitude is also
reduced significantly for chromatic modulation direc-
tions that correspond to the blue–yellow axis. The
largest response corresponds to chromatic modulations
along the red-green axis that also demonstrates the
greatest threshold sensitivity (see Fig. 3(a)). In this
respect color responses measured in the rhesus monkey
are somewhat different in that less variation in response
amplitude is observed for different directions of chro-
matic displacement (see Fig. 3(a)). The stimulus used
was large and although dynamic local luminance con-
trast masking was employed (see Fig. 1(b, c)), we were
concerned that this technique may not be completely
effective in masking rod receptor signals that may be
summed over the whole of the stimulus. To test for the
possible involvement of spatially pooled, rod receptor
signals in the pupil color response we calculated the rod
contrast generated by each chromatic stimulus em-
ployed. The data of Fig. 3 (a) show no significant
correlation between either human or monkey pupil
P.D.R. Gamlin et al. : Vision Research 38 (1998) 3353–3358 3357
Fig. 3. Pupil constriction amplitudes plotted for different directions of chromatic displacement in the CIE (x, y)-diagram. The RLM employed was
915% and the CD amplitude was constant and equal to 0.14 for all colors. The error bars indicate the level of combined pupil noise present and
represent 91se. Averaged results for four human subjects are also presented for comparison. The crosses plot the scotopic contrast generated by
each of the suprathreshold chromatic stimuli employed. For this plot, the ordinate scale corresponds to the value of the rod contrast. Panel b
shows preliminary pupil grating responses measured with gratings of lower luminance (i.e. the upper three traces), and gratings of equal space
averaged luminance (i.e. the lower three traces). Panel c shows a comparison of the pupil light reflex measurements obtained for the two rhesus
monkeys (see Fig. 1, panel c) and similar data obtained in a 19 year old human subject. The dotted traces represent the averaged responses
measured in D and Y (see diamonds and squares), scaled to match the pupil constriction amplitude measured in the human subject.
response amplitudes and the corresponding rod con-
trast signal. Rod generated signals are therefore not
likely to contribute significantly to the observed pupil
color responses. The data of Fig. 3(a) demonstrate the
existence of large pupil color responses in the rhesus
monkey for a range of dominant wavelengths, but they
do not provide a measure of chromatic sensitivity.
Additional measurements are needed to establish the
relationship between chromatic saturation and pupil
constriction amplitude along each direction of chro-
matic modulation investigated. If a linear response
range can be established for some measure of
suprathreshold chromatic signal strength, then the am-
plitude of the chromatic signal that yields a constant
pupil constriction amplitude would provide a direct
estimate of suprathreshold chromatic sensitivity.
The observed increased latency of pupil color and
grating responses by comparison with the light reflex
response are consistent with reports in humans that
show virtually the same latency difference [34]. Since
the pupil light reflex response is mediated largely by the
afferent subcortical pathway, the approximately 40 ms
increase in latency observed for gratings and chromatic
stimuli may reflect the more extensive processing of
structure and color information in extrastriate areas.
The time course of development of information con-
cerning the processing of color or spatial structure in
extrastriate areas depends on feedforward and feedback
of signals from lower and higher areas of the visual
cortex. Delays of 20–30 ms between the development
of activity in V4 by comparison with V1 have been
reported [35,36]. If a build up of information concern-
ing the processing of stimulus structure and color in
extrastriate areas is needed before such signals can
modulate the efferent subcortical pathway to the iris
musculature, the observed delay difference of 40 ms
does not seem unreasonable.
Another interesting observation concerns the pupil
onset response latencies in the rhesus monkey that are
some 80–100 ms shorter than the corresponding human
responses. A significant component of the large differ-
ence in latency and more rapid redilation of the rhesus
pupil may result from differences between the pupil
plant of the rhesus monkey and humans. For example,
the dilator muscle of the rhesus monkey may partici-
pate more vigorously in the pupillary light reflex by
actively relaxing during the constriction phase and con-
stricting during the redilation phase. This could be
mediated by sympathetic innervation of the dilator
muscle or alternatively by cholinergic action either
postsynaptically on the muscle fibers [37,38] or presy-
naptically on the sympathetic, adrenergic endings
within the muscle [39]. In addition, the shorter path-
ways that mediate pupil responses in the rhesus monkey
may also contribute to the shortening of the observed
onset response latencies. In summary both monkeys
demonstrated pupil color and grating responses similar
to those observed in human vision. More work is
needed to be able to relate the pupil response amplitude
to suprathreshold chromatic stimuli to measures of
chromatic sensitivity. Both pupil grating and pupil
color responses show an increased latency of some 40
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ms when compared to a pupil light reflex response.
Although qualitatively similar to human responses,
pupil responses in the rhesus monkey have significantly
shorter onset response latencies and exhibit more rapid
recovery from constriction.
Acknowledgements
This research was supported by NEI Grant R01
EY09380 to P.D.R. Gamlin and NEI CORE grant P30
EY03039, and by a Wellcome Trust research grant
awarded to J.L. Barbur.
References
[1] Loewenfeld IE. The pupil: anatomy, physiology, and clinical
applications. Detroit: Iowa State University Press:Wayne State
University Press, 1993.
[2] Clarke RJ, Gamlin PDR. Latency and dynamics of pupillocon-
striction determined by microstimulation of the Edinger-West-
phal nucleus and oculomotor nerve in the primate. Soc Neurosci
Abs 1995;21:1918.
[3] Gamlin PDR, Reiner A. The Edinger-Westphal nucleus: Sources
of input influencing accommodation, pupilloconstriction, and
choroidal blood flow. J Comp Neurol 1991;306:425–38.
[4] Gamlin PDR, Reiner A, Erichsen JT, Karten HJ, Cohen DH.
The neural substrate for the pupillary light reflex in the pigeon
(Columba livia). J Comp Neurol 1984;226:523–43.
[5] Pierson RJ, Carpenter MB. Anatomical analysis of pupillary
reflex pathways in the rhesus monkey. J Comp Neurol
1974;158:121–44.
[6] Brindley GS, Gautier-Smith PC, Lewin W. Cortical blindness
and the functions of the non-geniculate fibres of the optic tracts.
J Neurol Neurosurg Psychiatry 1969;32:259–64.
[7] Slooter J, van Norren D. Visual acuity measured with pupil
responses to checkerboard stimuli. Invest Opthalmol Vis Sci
1980;19(1):105–8.
[8] Ukai K. Spatial pattern as a stimulus to the pupillary system. J
Opt Soc Am 1985;2(7):1094–100.
[9] Barbur JL. Spatial frequency specific measurements and their use
in clinical psychophysics. Clin Vis Sci 1988;2(3):225–33.
[10] Barbur JL, Forsyth PM. Can the pupil response be used as a
measure of the visual input associated with the geniculo-striate
pathway? Clin Vis Sci 1986;1(1):107–11.
[11] Barbur JL. Pupillary responses to stimumus structure and
colour: possible mechanisms Non-invasive Assessment of the
Visual System (Technical Digest Series). Washington DC: Opti-
cal Society of America, 1991:68–71.
[12] Kohn M, Clynes M. Color dyamics of the pupil. Ann NY Acad
Sci 1969;156:931–50.
[13] Saini VD, Cohen GH. Using color substitution pupil response to
expose chromatic mechanisms. Opt Soc Am 1979;69(7):1029–35.
[14] Young RSL, Alpern M. Pupil responses to foveal exchange of
monochromatic lights. J Opt Soc Am 1980;70:697–706.
[15] Barbur JL. A study of pupil response components in human
vision. In: Robbins JG, Djamgoz MBA, Taylor A, editors. Basic
and Clinical Perspectives in Vision Research. New York:
Plenum, 1995:3–18.
[16] Barbur JL, Birch J, Harlow AJ, Plant G. The pupil colour
response (evidence for involvement of central mechanisms). Per-
ception 1992;21:74.
[17] Barbur JL, Harlow AJ, Sahraie A. Pupillary responses to stimu-
lus structure, colour and movement. Ophthalmic Physiol Opt
1992;12:137–41.
[18] Barbur JL, Keenleyside MS, Thomson WD. Investigation of
central visual processing by means of pupillometry. Proceedings
of the Third International Symposium of the Northern Eye
Institute. Manchester, UK: Northern Eye Institute, 1988:431–
51.
[19] Cibis GW, Campos EC, Aulhorn E. Pupillary hemiakinesia in
suprageniculate lesions. Arch Ophthalmol 1975;93:1322–7.
[20] Harms H. Hemianopische pupillenstarre. Klin Monatsbl Augen-
heilkd 1951;118:133–47.
[21] Kardon RH. Pupil Perimetry. Editorial Review. Curr Opin
Ophthalmol 1992;3:565–70.
[22] Kardon RH, Kirkali PA, Thompson HS. Automated pupil
perimetry. Pupil field mapping in patients and normal subjects.
Ophthalmology 1991;98(4):485–96.
[23] Alexandridis E. The Pupil. New York: Springer-Verlag, 1995.
[24] De Valois RL, Morgan HC, Polson MC, Mead WR, Hull EM.
Psychophysical studies of monkey vision I. Macaque luminosity
and color vision tests. Vis Res 1974;14(1):53–67.
[25] Gamlin PDR, Gnadt JW, Mays LE. Lidocaine-induced unilat-
eral internuclear ophthalmoplegia: Effects on convergence and
conjugate eye movements. J Neurophysiol 1989;62:82–95.
[26] Barbur JL, Thomson WD, Forsyth PM. A new system for the
simultaneous measurement of pupil size and two-dimensional eye
movements. Clin Vis Sci 1987;2(2):131–42.
[27] Wyszecki G, Stiles WS. Color Science-Concepts and Methods.
Quantitative Data and Formulae, 2nd edition. New York: John
Wiley and Sons, 1982.
[28] Birch J, Barbur JL, Harlow AJ. A new method based on random
luminance masking for measuring isochromatic zones using high
resolution colour displays. Ophthalmic Physiol Opt
1992;12:133–6.
[29] Commission Internationale de l’Eclairage Proceedings. Cam-
bridge: Cambridge University Press, 1931.
[30] Alexandridis E, Leendertz JA, Barbur JL. Methods of studying
the behaviour of the pupil. J Psychophysiol 1991;5:223–39.
[31] Barbur JL. Pupillary responses to grating stimuli. J Psychophys-
iol 1991;5:259–63.
[32] Barbur JL, Harlow AJ. Pupil responses to grating stimuli (equal
and lower luminance gratings). Ophthalmic Physiol Opt
1992;12:82.
[33] Gamlin PDR, Clarke RJ. Dynamics of the pupillary light reflex
in the alert rhesus monkey: parasympathetic and sympathetic
components. Invest Opthalmol Vis Sci 1996;37(3):691.
[34] Freedman D, Barbur JL, Lennie P. Pupil response latencies and
reaction times to chromatic and achromatic stimuli. Invest Oph-
thalmol Vis Sci 1997;38(4):1012.
[35] McClurkin JW, Optican LM. Primate striate and prestriate
cortical neurons during discrimination I. Simultaneous temporal
encoding of information about color and pattern. J Neurophys-
iol 1996;75(1):481–95.
[36] McClurkin JW, Zarbock JA, Optican LM. Primate striate and
prestriate cortical neurons during discrimination II. Separable
temporal codes for color and pattern. J Neurophysiol
1996;75(1):496–507.
[37] Yoshitomi T, Inomata H. Adrenergic excitatory and cholinergic
inhibitory innervations in the human iris dilator. Exp Eye Res
1985;40(3):453–9.
[38] Yoshitomi T, Ito Y. Double reciprocal innervations of dog iris
sphincter and dilator muscles. Invest Ophthalmol Vis Sci
1986;27(1):83–91.
[39] Bognar IT, Pallas S, Fuder H, Muscholl E. Muscarinic inhibi-
tion of [3H]–noradrenaline release on rabbit iris in vitro: effects
of stimulation conditions on intrinsic activity of methacholine
and pilocarpine. Br J Pharmacol 1988;94(3):890–900.
.
